Coal ash, generated from coal combustion, is composed of small particles containing metals and other elements, such as metalloids. Coal ash is stored in open-air impoundments, frequently near communities. The objective of this study was to evaluate the prevalence of health and sleep problems in children living near coal ash and compare these prevalences to children not living near coal ash. In 2013 to 2014, we conducted a cross-sectional survey in a community adjacent to coal ash storage sites and a community not exposed to coal ash. Overall, 111 children who lived near coal ash were in the study; 55.9% (62) were males, 44.1% (49) were females, and the mean age was 10.3 years (SD = 3.9). Descriptive statistics and logistic regression were used to compare the prevalence of health and sleep problems. Attention-deficit hyperactivity disorder (P = .02), gastrointestinal problems (P = .01), difficulty falling asleep (P = .007), frequent night awakenings (P < .001), teeth grinding (P = .03), and complaint of leg cramps (P < .001) were significantly greater in the children living near coal ash. When adjusting for covariates, the odds of allergies excluding asthma, attention-deficit hyperactivity disorder, gastrointestinal problems, difficulty falling asleep, frequent night awakenings, sleep talking, and complaint of leg cramps were greater in children living near coal ash compared to children not living near coal ash (nonexposed). Several components of coal ash, such as heavy metals like lead, mercury, and arsenic, may be associated with health and sleep problems in children. More research is needed to investigate this relationship.
Introduction
Globally, coal's share of the energy market has decreased, yet total consumption of coal is expected to increase 15% by 2040. 1 In 2014, approximately 8000 metric tons of coal was produced among the major coal producing countries, with the largest production occurring in China. 2 Approximately 65.5% of primary coal produced is used globally for electricity and commercial heat. 2 Coal combustion, a process used to generate electricity, creates waste by-products known as coal combustion residuals, 60% of which is coal ash. 3, 4 Coal ash contains radioactive elements and varying concentrations of metals including arsenic, cadmium, lead, and mercury. [5] [6] [7] Approximately 80% of coal ash is fly ash, which is composed of glassy spherules with a respirable range in size between 1.98 and 5.64 µm. 4, 8 As particle size decreases and surface area increases, pollutant concentrations in coal ash increase. Spencer and Drake found that the concentration of metals in fly ash can be 2 times greater than the concentration found in the coal. 9 According to the American Coal Ash Association, in 2014 coal-fired plants in the United States generated approximately 130 million tons of coal combustion residuals. 10 The US Environmental Protection Agency (EPA) estimates the coal ash is stored in over 310 active landfills and an estimated 735 active surface impoundments across 47 states. 11 The age of the storage sites vary considerably, but the EPA reports 75% are more than 25 years old and 10% are more than 50 years old; therefore, many do not have adequate protections in place to reduce environmental contamination. 12 In 2010, the EPA reported that among states with coal ash storage facilities, 36% do not have minimum liner requirements for landfills and 67% do not have liner requirements for ash ponds. 11 In addition, activities related to the maintenance of these coal-combustion facilities, including the hauling, dumping, and storing of coal ash, allow particles to escape into the ambient air as fugitive dust emissions. 13 In 2014, the US EPA revised environmental regulations to classify coal ash as a special waste, allowing coal ash to be recycled in manufacturing products while establishing minimum national criteria for combustion waste storage facilities.
14 These national criteria, including liner requirements for impoundments, ground water monitoring, and reporting on fugitive dust emissions, were established to reduce risk from improper management of coal ash storage units. 14 The EPA has stated "that without fugitive dust controls, there could be exceedances of the National Ambient Air Quality Standards for fine particulate matter in the air at residences near coal ash landfills." 11 In addition to exposure from inhalation of fugitive dust, people may be exposed to coal ash from drinking water, if the community relies on well water, as well as through dermal contact with contaminated soils and dust. Metals available in coal ash can leach from the ash particles into the soil and water in areas surrounding coal ash storage facilities. 3, 4, 15 The EPA has reported that some contaminants from fly ash leachate could be elevated and above the maximum concentration limit or the drinking water equivalent level for metal contaminants.
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In the United States, the EPA estimates that 6 million people, including 1.5 million children, are exposed to coal ash. 11 Children have an increased risk of exposure to fly ash. Children have higher rates of respiration relative to adults, increased hand-to-mouth behavior, and a tendency to play near the ground, which increases exposure to ambient particulate matter. 16, 17 The effect of chronic coal ash inhalation on children has not been well studied; however, studies evaluating the biological effects of particulate matter of similar structure and heavy metal concentration raise concerns applicable to coal ash particle exposure. [18] [19] [20] Experimental research has demonstrated that fine and ultrafine particulate matter can pass directly through the nasal olfactory pathway into the circulatory system to the brain. 18, 19 In addition, research has shown when air pollution is cleared from the lungs it can enter the gut and exit the body via the gastrointestinal tract. 20 Chronic exposure to air pollution and particulate matter has been found to cause chronic inflammation and elevated levels of cytokines throughout the body and brain. 18, 19 In addition, some of the metals in fly ash are neurotoxins, [21] [22] [23] [24] and exposure to neurotoxic heavy metals during rapid growth in the early stages of life can disrupt developmental processes and result in neurological dysfunction. 17, 24 To date there are no studies assessing the impact of coal ash on the health and sleep of children living near coal ash storage sites. Therefore, the primary objective of this study is to evaluate the prevalence of health conditions and sleep problems in children living near coal ash storage and compare to children who do not live near a coal ash storage facility.
Methods
The community-based cross-sectional study involved 4 neighborhoods adjacent to coal ash storage. In addition, a comparison population with similar demographic and socioeconomic characteristics was chosen 60 miles away from the storage facility in a rural setting. The children living in the rural setting did not live near power plants and coal ash storage sites. Institutional review board approval (12.0258) was obtained from the University of Louisville.
Description of the Coal Combustion Electric Plant
The power generating plant, located in the state of Kentucky in the United States, opened in the 1950s and occupies 510 acres. It burned 1.3 million tons of coal each year. The plant has one landfill and one slurry pond for the storage of coal ash, but the electric company has identified 9 potential sources for fugitive dust and odor emissions. The landfill, which opened in 1982, stores a mix of coal ash products on 163 acres. The main ash pond, which opened in 1972, stores fly ash and bottom ash. It is 40 acres in size with a dam height of 12 feet. In 2011, 2012, and 2013, the plant was fined for numerous violations associated with fugitive dust and odors from the landfill. There are homes located across the street and within 150 feet from the plant and coal ash storage pond.
Study Population
In the community living near coal ash and the comparison population, parents or legal guardians, 18 years or older, completed a questionnaire about the health and sleep of all children residing in their home. For this analysis, the study population is the 111 children, ages 4 to 17, about which parent-reported health and sleep information was obtained. Children were considered to be exposed to coal ash (n = 61) if they lived near coal ash storage. Overall, 55.9% (62) are males, 44.1% (49) are females, and the mean age is 10.3 years (SD = 3.9). The nonexposed comparison group (n = 50) is defined as the children living in the rural setting not near coal ash storage. Both populations are multigenerational and nontransient. Most of the children had lived in the respective areas, near coal ash or in the rural comparison area, for a majority of their lives (median percent of life lived in area = 84.4%; range = 16.7% to 100%).
To be included in this study, children who were considered exposed had to be younger than 18 years of age and live in 1 of 4 neighborhoods near the coal burning power plant. Children who were considered nonexposed were less than 18 years of age and lived at least 60 miles from coal burning power plants and coal ash storage. Children were excluded if they did not meet the inclusion criteria.
Survey Methods
In the communities located adjacent to the coal ash storage facility, flyers and door-to-door methods were used to recruit participants. Recruitment of participants in the nonexposed comparison group occurred in the waiting room of a primary health care clinic that provides a range of health services for many residents in the county. Incentives such as water bottles, hats, screwdrivers, and coloring books were provided for parents and children.
Survey Questionnaire
Since there are no previously validated questionnaires for evaluating health conditions in populations of children exposed to coal ash, one had to be developed for the purpose of the study. The questionnaire was developed based on results from 5 focus groups with community members living near the coal ash storage facilities. Detailed methods for the focus groups have been published. 25 Common themes that arose from the focus groups were used to structure the questionnaire about children's health and sleep. The children's health section contained a large table with a list of health conditions and instructed parents or guardians to "circle Yes if your child has the health condition." Health conditions reported on the questionnaire and used in this analysis include asthma, allergies, learning difficulties, attentiondeficit hyperactivity disorder (ADHD), developmental delay, emotional behavioral disorders, and gastrointestinal or stomach problems. The children's sleep section contained 19 questions pertaining to general sleep characteristics, bedtime routine, sleep problems, and daily activities. Current sleep problems reported on the questionnaire were difficulty falling asleep, frequent night awakenings, teeth grinding, repetitive movements during sleep (leg jerking, head rolling, lip smacking, hand flapping, or twitching), sleep walking, sleep talking, and complaining of leg cramps. Repetitive movements were reported as yes/no, while all other responses were formatted as a Likert-type scale with the following response options: Never, Rarely, Sometimes, Frequently, and Always.
Information about participant demographics, length of time living in either community (exposed or comparison), and parent or guardian tobacco use was also collected by questionnaire. A child was considered to be exposed to secondhand smoke (SHS) if the parent or guardian classified themselves as a "current smoker," indicated that somebody smokes in the home, or reported that somebody smokes while the child is present.
Data Analysis SAS 9.4 (Cary, NC) was used for statistical analysis. Descriptive techniques were used to characterize health conditions and sleep problems in the exposed and comparison groups. P values were calculated using χ 2 or Fisher's exact test for categorical variables and Wilcoxon rank-sum test for continuous variables. The percent of life living in each community (comparison or exposed) was calculated by dividing the amount of time (years) lived in the community by the age of the child. Logistic regression was used to evaluate the association between exposure group and health or sleep outcomes. Crude and adjusted odds ratios with 95% confidence intervals are reported. The adjusted models included age, gender, and SHS exposure as covariates. Logistic regression was not used to evaluate the association between developmental delay, learning difficulties, emotional/behavioral disorders, or sleep walking and exposure group because of the low prevalence (less than 5) in the comparison group.
Results

Participant Demographics
In the exposed group (n = 61), 48% (29) were males and 52% (32) were females. The median age was 11 years (min = 4, Q1 = 8, Q3 = 14, max = 17). In the comparison group (n = 50), 66% (33) were males and 34% (17) were females. The median age was 10 years (min = 4, Q1 = 6, Q3 = 12, max = 17). There was no significant difference in gender or age between the 2 groups (P = .06 and P = .11, respectively). In the exposed group, the median percent of life lived near coal ash storage was 62.5% (range = 16.7% to 100%). While the median percent of life lived in the comparison area was 100% (range = 41.7% to 100%). Children in the comparison group lived in the rural setting for a greater percentage of their lives compared to percent of life the exposed children lived near coal ash (P < .0001). More children in the exposed group reported SHS exposure compared to the comparison group (36% [22] and 16% [8] , respectively; P = .02). Table 1 contains the prevalence of health conditions. Health conditions that were significantly different between the exposed group and nonexposed comparison group included allergies (74% exposed vs 40% nonexposed, P < .001), learning difficulties (26% exposed vs 6% nonexposed, P = .005), ADHD (36% exposed vs 16% nonexposed, P = .02), emotional/ behavioral disorders (38% exposed vs 4% nonexposed, P < .001), and gastrointestinal or stomach problems (31% exposed vs 10% nonexposed, P = .01). Overall, the parents of children exposed to coal ash reported significantly more health conditions per child than the parents of children in the comparison group (2.4 vs 1.0; P = <.001).
Health Conditions
Odds ratios and confidence intervals from logistic regression models with health outcomes as the dependent variable and exposure group as the independent variable are reported in Table 2 
Sleep Problems
There was no significant difference between the exposed and comparison groups in the average hours of sleep per night (mean = 8.20, SD = 1.34, and mean = 8.38, SD = 0.90, respectively; P = .10). In addition, both the exposed and comparison groups reported having a regular bedtime routine (80% and 82%, respectively; P = .82). Children in the exposed group were significantly more likely to eat a large meal or snack (47% compared to 22% of the comparison group; P = .008) and/or use medications to help them sleep than children not exposed to coal ash (32% compared to 2% of the comparison group; P < .001). Table 3 reports the prevalence of sleep problems. The prevalence of difficulty falling asleep (64% exposed vs 38% nonexposed, P = .007), frequent night awakenings (69% exposed vs 32% nonexposed, P < .001), teeth grinding (51% exposed vs 30% nonexposed, P = .03), and complaining of leg cramps while resting (57% exposed vs 24% nonexposed, P < .001) was significantly greater in children exposed to coal ash compared to nonexposed children. Overall, children exposed to coal ash reported significantly more sleep disruptive behaviors than nonexposed children (4.92 vs 2.6, P < .001).
Results from logistic regression models with sleep problems as the dependent variable and exposure group as an independent variable are reported in Table 4 
Discussion
This study is the first to assess health conditions and sleep problems in children living near coal ash storage, and to compare the findings to a population of children not exposed to coal ash. Our results show significantly more children living near coal ash storage sites located beside the power plant in Kentucky have allergies, ADHD, and gastrointestinal problems compared to children in the comparison group. In addition, significantly more children living near coal ash have difficulty falling asleep, frequent night awakenings, teeth grinding, sleep talking, and complain of leg cramps while sleep compared to the comparison group.
There are no studies evaluating the health effects of coal ash exposure in children; however, the association between exposure to air pollution and adverse health outcomes has been documented in previous experimental and epidemiologic studies. [26] [27] [28] Exposure to air pollution has been found to impair lung function and increase wheezing in children. [26] [27] [28] Orazzo et al found exposure to various air pollutants was significantly associated with an increase in emergency room visits for gastrointestinal problems and wheezing. 29 Experimental research suggests exposure to particulate matter is able to alter the microbiome of the gut and long-term exposure can exacerbate colitis. 30 Exposure to coal ash particles could affect both the respiratory and mental health of children. Borcherding et al conducted experimental studies that demonstrated the potential for coal ash particles to promote growth of pathogenic bacteria capable of causing respiratory infections. 31 In addition, ADHD, autism, behavioral problems, and decreased cognitive function have been associated with exposure to some of the metals found in coal ash, including arsenic, lead, mercury, manganese, and cadmium. [21] [22] [23] [32] [33] [34] Children's exposure to metals and particulate matter, both prenatal and postnatal, can disrupt normal brain development leading to functional impairments. 35 Recent studies have also found a significant association between elevated levels of particulate matter in air pollution and disorders of sleep initiation and maintenance in children, as well as an increased prevalence of habitual snoring. 36, 37 Children with sleep problems can develop chronic illnesses and life-long problems. Sleep may be vital in the regulation of emotions and metabolism, as well as critical to memory, brain development, and learning. 38 Furthermore, inadequate sleep may predispose children to obesity, diabetes, and other chronic health conditions, while adequate sleep may improve function of the immune system and reduce risk of infection. 39 There are several strengths and limitations that need to be considered. One strength of this study is that it is community based. Themes developed in community focus groups were used to establish general questionnaire topics. 23 Survey of the nonexposed children with similar sociodemographics provided comparison information while controlling for certain economic and cultural factors that may affect health and sleep.
Since this study was a cross-sectional study, we were unable to determine how long a child had a health condition. The purpose of this cross-sectional study was to assess current prevalence of health conditions in children; therefore, we did not ask about length of illness. One limitation that may exist is recall bias, by parents or guardians not accurately reporting health conditions and sleep problems of children in their household. To reduce recall bias, the questionnaire focused on current health and current sleep behaviors. Another limitation may be selection bias in the exposed group. Participants who were more concerned about exposure to coal ash, or those who had children with more health conditions, may have been more likely to participate in the survey. A third limitation of this study is that no environmental measures were collected to confirm the presence of coal ash in the homes of children. One major difference between the 2 groups is the urban setting of the exposed group and rural setting of the comparison group. The composition of particulate matter in these 2 settings is likely different beyond the presence, or absence, of coal ash particles. Other sources of pollution not considered in this study may also negatively affect sleep and health, in both populations.
Despite these limitations, this study is able to characterize health conditions and sleep problems in children living near a coal ash storage facility and utilizes a comparison group to identify areas for future more in-depth investigations. Much more research is needed to understand the effect of coal ash on health and sleep. Utilizing quantifiable measures of particulate matter will control for differences in particulate matter composition between children living near coal ash (exposed) and children not living near coal ash (nonexposed). Furthermore, more in-depth surveys of health history and psychological assessments will better document children's health conditions.
Conclusions
In this study, living near coal ash was found to be significantly associated with increased odds of adverse health outcomes and sleep problems for children. It is important to further assess the impact of coal ash exposure on the health and sleep of children living near coal ash storage facilities because exposure to particulate matter and heavy metals has been found to affect multiple organ systems and impair cognitive function. 19, 32, 36, 40, 41 Findings from this study can help guide larger studies assessing coal ash exposure and wellbeing of children living near coal ash storage.
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